Neurovascular coupling provides the basis for many functional neuroimaging techniques. Nitric oxide (NO), adenosine, cyclooxygenase, CYP450 epoxygenase, and potassium are involved in dilating arterioles during neuronal activation. We combined inhibition of NO synthase, cyclooxygenase, adenosine receptors, CYP450 epoxygenase, and inward rectifier potassium (Kir) channels to test whether these pathways could explain the blood flow response to neuronal activation. Cerebral blood flow (CBF) and cerebral metabolic rate of oxygen (CMRO 2 ) of the somatosensory cortex were measured during forepaw stimulation in 24 rats using a laser Doppler/ spectroscopy probe through a cranial window. Combined inhibition reduced CBF responses by two-thirds, somatosensory evoked potentials and activation-induced CMRO 2 increases remained unchanged, and deoxy-hemoglobin (deoxy-Hb) response was abrogated. This shows that in the rat somatosensory cortex, one-third of the physiological blood flow increase is sufficient to prevent microcirculatory increase of deoxy-Hb concentration during neuronal activity. The large physiological CBF response is not necessary to support small changes in CMRO 2 . We speculate that the CBF response safeguards substrate delivery during functional activation with a considerable 'safety factor'. Reduction of the CBF response in pathological states may abolish the BOLD-fMRI signal, without affecting underlying neuronal activity.
Introduction
During increases of neuronal activity, the brain increases local cerebral blood flow (CBF) within the area of activation (Roy and Sherrington, 1890) . Since CBF increases are greater than activity-associated increases in oxygen metabolism, the result is a localized hyperoxygenation with a decrease in the deoxy-hemoglobin (deoxy-Hb) concentration (Fox and Raichle, 1986) . These changes provide the basis for functional neuroimaging using blood oxygenation level-dependent functional magnetic resonance imaging (BOLD-fMRI; Ogawa et al, 1990) . Neither the exact mechanisms nor the evolutionary advantage of such a CBF response are yet known. A straightforward interpretation holds that the stimulationinduced increase in blood flow serves to deliver oxygen to areas of increased oxidative metabolism. However, a large increase in CBF contrasts with a small increase in the cerebral metabolic rate of oxygen (CMRO 2 ). There are three alternative explanations for this mismatch: first, a large increase in CBF could be necessary to support small increases in CMRO 2 because of limitations of oxygen diffusion under physiological conditions (Gjedde, 2002; Buxton and Frank, 1997) . In this case, inhibition of the blood flow response would result in oxygen supply insufficient for sustaining the CMRO 2 increase observed under normal conditions. This relative hypoxia may impair neuronal activity. Second, the large CBF response may represent a safety mechanism as observed in many other physiological or biochemical systems providing protection against relative hypoxia and impairment of neuronal activity in pathological conditions of decreased CBF response. In this case, inhibition of the CBF response down to a certain critical level would not have any effect on neuronal function or CMRO 2 . Third, contrary to the classical view, the CBF responses to neuronal activity could serve a purpose other than oxygen delivery (e.g., temperature regulation, modification of neuronal activity). To test which of these alternatives best explains the CBF/CMRO 2 response mismatch, we measured neuronal activity, CBF, hemoglobin oxygenation, and CMRO 2 before and after inhibition of the blood flow response to neuronal activation in a rat model.
To date, complete pharmacological inhibition of the CBF response with intact neuronal activity has not been shown. Our strategy for maximal inhibition of the CBF response was a combination of known inhibitors of neurovascular coupling.
According to numerous studies in the literature, nitric oxide (NO), adenosine, cyclooxygenase (COX) products, cytochrome P450 (CYP450) products such as epoxyeicosatrienoic acids, and potassium play key roles in mediating neurovascular coupling. Adenosine, whose level increases in the areas of activation because of ATP breakdown, has been shown to participate in the CBF response as inhibition of adenosine receptors reduces this response by approximately 40% (Dirnagl et al, 1994) . NO does not act as a mediator, but appears to be an important modulator (permissive factor), in neurovascular coupling. Inhibition of NO synthase (NOS) reduces the CBF responses by 50% to 60% (Lindauer et al, 1999; Peng et al, 2004) . Larger CBF response reductions during NOS inhibitions have also been reported (Burke and Bü hrle, 2006; Stefanovic et al, 2007) . However, in these studies neuronal activity was also reduced (which was attributed to NOS inhibition) and time control experiments are lacking. COX products have been shown to be involved in neurovascular coupling. While some groups claimed predominant or exclusive involvement of COX-2 (Niwa et al, 2000) without a significant contribution of COX-1 (Niwa et al, 2001; Bakalova et al, 2002; Stefanovic et al, 2006) , others have suggested that COX-1 is also involved (Takano et al, 2006) . The role of COX products may be modulatory, as CBF responses after COX-2 inhibition were partly recovered after PGE-2 superfusion, which is the main vasodilatory product of COX-2 (Stefanovic et al, 2006) . More recently, involvement of astrocytic CYP450 epoxygenase in neurovascular coupling has been shown (Peng et al, 2002 , 2004 , Shi et al, 2008 .
Potassium channels have been thought to play a key role in neurovascular coupling since the hypothesis of potassium siphoning was introduced (Paulson and Newman, 1987) . Metea et al (2007) have refuted this mechanism. Their results, however, were obtained for the retina, and may not extend to the cerebral cortex. Inward rectifier potassium channels on vascular smooth-muscle cells have been shown to play a key role in potassium-dependent vasodilation in isolated rat cerebral arteries (Knot et al, 1996) and in neurovascular coupling in rat brain slice preparations (Filosa et al, 2006) .
In view of the accumulating experimental evidence suggesting involvement of several molecules and enzymes in the process of neurovascular coupling, it seems reasonable to assume that different pathways, acting at least partly in parallel, link neuronal activity to CBF. Dirnagl et al (1994) have tested a combined inhibition of adenosine receptors and neuronal NOS (nNOS). No simple additive role of these interventions was found, but the CBF response tended to further decrease with combined inhibition. In contrast, Shi et al (2008) found no further reduction of CBF responses with combined inhibition of A2B receptors and nNOS as compared with individual effects. The same group found no additive effect on CBF responses for the combined inhibition of A2B receptors and metabotropic glutamate receptors (mGluR), or for the combined inhibition of A2B receptors, mGluR, and epoxyeicosatrienoic acids (Shi et al, 2008) . Peng et al (2004) did not find an additive role for inhibition of epoxyeicosatrienoic acid synthesis and nNOS. So far, no study has been performed using combined inhibition of all the above-mentioned inhibitors of neurovascular coupling.
In our study, we tested the hypotheses that (1) combined inhibition of COX, nNOS, epoxyeicosatrienoic acid synthesis, and adenosine receptors abolishes the CBF response to neurovascular coupling; and, if the response cannot be fully blocked, whether (2) additional inhibition of inward rectifier potassium channels leads to further reduction or abolishment of the CBF response; (3) whether reduction of the CBF response can compromise neuronal activity or CMRO 2 , or unmask deoxygenation in the microcirculation, and if so, at what level of CBF response reduction this deoxygenation occurs. This is, with some caveats, equivalent to the determination of the safety factor of neurovascular coupling with respect to oxygen delivery to active brain regions.
Materials and methods

Animals
We performed all animal experiments in strict accordance with national and international guidelines. All animal experiments described herein were approved by the local official committee (Landesamt fü r Gesundheit und Soziales, Berlin, Germany). Male Wistar rats (Charles River Laboratories, Sulzfeld, Germany) weighing 270 to 400 g were used for all experiments. and mechanically ventilated. Endexspiratory pCO 2 and rectal temperature were continuously monitored and maintained within physiological limits. The femoral artery was cannulated to monitor mean arterial blood pressure and obtain arterial blood gases. The femoral vein was cannulated for infusion of anesthetics and fluid substitution.
A superfused cranial window (dura mater removed) was implanted over the right somatosensory cortex as described previously (Lindauer et al, 1999) . The center of the cranial window was placed over the representational area of the left forepaw. Intracranial pressure was maintained within physiological limits by adjusting the outflow catheter. Electrocorticogram (ECoG) was recorded as described below. CBF and hemoglobin oxygenation were measured using a combined laser Doppler/reflectance spectroscopy probe. After termination of surgery, anesthesia was switched to infusion of a-chloralose and urethane (40/200 mg/kg as a bolus followed by 40/200 mg/kg/h). Superfusion of artificial cerebrospinal fluid (aCSF) was started a few minutes after implantation of the cranial window and continued at a rate of 1 mL/h. Superfusion rate was increased to 5 mL/h for 20 mins at the beginning of inhibitor superfusion, and then switched back to 1 mL/h.
Experimental Protocol
Stimulation electrodes were inserted into the left forepaw and stimulation was performed at intensities of 0.4, 0.8, 1.2, 1.6, and 2.0 mA with a frequency of 3 Hz for 16 secs. Six stimulations were performed for each intensity, ensuring minimal interstimulus interval of 75 secs. The same stimulation paradigm was performed 60 mins after the start of inhibitor superfusion. This interval has previously been shown to be sufficient to obtain maximum effect of the substances used in our study (Peng et al, 2002; Lindauer et al, 1999) .
Experiments were performed on four groups (a total of 24 animals, six per group), schematically depicted in Figure 1 .
(1) In the control group (n = 6) aCSF was superfused during the first block of stimulations followed by superfusion of aCSF plus vehicle (aCSF containing 0.5% ethanol in the second block for all groups), which was started immediately after termination of the first stimulation block. (2) In the Kir-channel inhibition group, aCSF containing 500 mmol/L barium chloride (BaCl 2 ) was superfused during the second stimulation block. (3) In the third group, combined inhibition of adenosine receptors, nNOS, COX, and CYP450-epoxygenase was achieved by superfusion of aCSF containing L-NNA (1 mmol/L, nonselective NOS inhibition), indomethacin (500 mmol/L, nonselective COX inhibition), MS-PPOH (20 mmol/L, CYP450-epoxygenase inhibition), and theophylline (50 mmol/L, nonselective adenosine-receptor inhibition). (4) In the fourth group, additional inhibition of inward rectifier potassium channels was achieved by adding BaCl 2 (500 mmol/L) to the inhibitory cocktail of the third group. The aCSF concentrations of the inhibitors were obtained from the literature (L-NNA, Lindauer et al, 1999; MS-PPOH, Peng et al, 2002; indomethacin, Takano et al, 2006; theophylline, Dirnagl et al, 1994) . BaCl 2 was used at a concentration (500 mmol/L) somewhat higher than that published for brain slice preparations (100 mmol/L; Filosa et al, 2006) or isolated artery experiments (10 to 300 mmol/L; Wellman and Bevan, 1995) to compensate for concentration gradients in deeper layers of the cortex that are likely present in in vivo experiments. As the concentration used in our study was rather high, effects on other potassium channels (e.g., ATPsensitive potassium channels) or nonspecific effects cannot be excluded.
Combined Hemoglobin Oxygenation and Blood Flow Measurement
Combined measurement of regional hemoglobin oxygenation and regional CBF was performed as described previously (Royl et al, 2008) . In brief, relative CBF changes were measured by Laser Doppler Flowmetry at 780 nm, with a distance of the optical fibers of 350 mm. CBF was expressed as relative changes from the baseline. It has been shown that relative CBF changes can be reliably measured by Laser Doppler Flowmetry, independently from baseline CBF (Fabricius and Lauritzen, 1996) . In an x-shaped arrangement, two optical fibers for CBF measurement were combined with optical fibers for measurement of hemoglobin oxygenation (fiber distance 250 mm), resulting in a largely overlapping sample volume for flow and oxygenation measurements. Concentrations of deoxy-Hb and oxy-Hb, as well as cerebral blood volume (CBV, from oxy-Hb + deoxy-Hb), were determined from measured reflectance spectra in the wavelength range of 520 to 610 nm using an algorithm described previously (Kohl-Bareis et al, 2005; Royl et al, 2008) . Average baseline oxygen saturation calculated by the algorithm was 43% ± 11% (mean ± s.d.) in the visually located microcirculatory areas of the cortex. Similar values have been reported in the cortical capillaries of anesthetized rats using spectroscopic methods (Meyer et al, 2000) . However, significantly higher values have been estimated from pO 2 measurements (Vovenko, 1999) . As our arterial pO 2 and blood pressure were within the physiological range, hypoxia could be excluded in our animals.
The relative change of the regional CMRO 2 was calculated from measurements of the relative changes (all data divided by the respective prestimulus baseline values) of CBF, deoxy-Hb, and CBV (Mayhew et al, 2000) using equation (1) as described by Royl et al, 2008 (following Dunn et al, 2005 :
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EEG and SEP
A continuous, epicortical electroencephalogram (EEG) was recorded using a silver ball electrode placed onto the cortical surface in close proximity to the representational area of the left forepaw. The reference electrode was inserted subcutaneously into the neck region. Intracranial pressure was controlled by adjusting the outflow catheter Pharmacological uncoupling of CBF and CMRO 2 C Leithner et al preventing brain herniation and movements of the recording electrode relative to the cortex. Somatosensory evoked potentials (SEPs) were recorded for the treatment and control groups to exclude potential confounding effects of the experimental setup and recording technique on SEP stability. Data were digitized at a rate of 5 kHz. A dynamic 50-Hz filter was used during data acquisition to suppress noise.
Data Analysis
Somatosensory evoked potentials were extracted from the epicortically recorded EEG and averaged for each stimulation intensity within each stimulation block. The relative change in the amplitude of the SEP (N1P1, first positive minus first negative peak) was calculated as a quantitative estimate of the neuronal activity induced by electrical forepaw stimulation. The relative change of CMRO 2 during induced neuronal activity was assessed using the combined measurements of CBF and hemoglobin oxygenation using equation (1). As the vascular response occurs with a time lag of a few seconds, the amplitudes of all parameters (CBF, deoxy-Hb, CBV, CMRO 2 ) were calculated from the average values 8 to 16 secs after stimulation onset divided by the baseline values immediately before stimulation. The time courses of relative changes of oxy-and deoxy-Hb levels during stimulation were averaged for each stimulation intensity over all animals of the respective experimental group. To achieve maximal power in the detection of early deoxygenation (deoxy-Hb-increase, 'initial dip'), averaging was also performed for the 12 animals of the inhibitory cocktail and inhibitory cocktail plus BaCl 2 group together.
Statistical Analysis
Data were analyzed using custom-written software based on MATLAB (The Mathworks Inc., Natick, MA, USA). Statistical analysis was performed on CBF, CMRO 2 responses, and SEPs exclusively for 2.0-mA stimulation intensity to avoid reduction of power because of multiple testing. CBF-response changes were calculated as percent changes of the stimulus related relative CBF increases during aCSF superfusion compared with inhibitor or vehicle superfusion (e.g., a CBF increase of 50% during aCSF superfusion, reduced to a 20% increase during inhibitor superfusion, corresponds to a 60% CBF response reduction). Changes in CMRO 2 response were calculated as absolute changes of stimulus-induced relative CMRO 2 increases, because stimulus-induced relative increases were close to zero for some animals. SEP changes were calculated as percent changes of the N1P1 amplitude of SEPs during aCSF superfusion compared with superfusion of inhibitors or vehicle. CBF, CMRO 2 , and SEP response changes were then compared for the four experimental groups (control, cocktail, cocktail + BaCl 2 , BaCl 2 , n = 6 for each group) using Kruskal-Wallis one-way analysis of variance on ranks. If a significant difference was detected, Dunn's method was used as post hoc test. P < 0.05/3 was Figure 1 The experimental paradigm. A stimulation block with randomly distributed stimulations at 0.4 to 2.0 mA was followed by a 60-min waiting period (wash in of vehicle/inhibitors), followed by a second stimulation block analogous to the first one. Each experimental group consisted of six animals. The first group served as the time control series. After the first block, superfusion was switched to aCSF + vehicle (v, ethanol 0.5%). In a second, Kir channel inhibition group, superfusion was switched to aCSF plus vehicle containing 500 mmol/L BaCl 2 . In the third group, combined inhibition of nNOS, COX, CYP450 epoxygenase, and adenosine receptors was achieved with superfusion of aCSF containing vehicle, L-NNA (1 mmol/L), indomethacin (500 mmol/L), MS-PPOH (20 mmol/L), and theophylline (50 mmol/L). In the fourth group, BaCl 2 (500 mmol/L) was added on top of the inhibitory cocktail of group 3. 
Results
Physiological Parameters
The physiological parameters are summarized in Table 1 . Mean arterial blood pressure, arterial pO 2 , pCO 2 , and pH were maintained within physiological limits for all animals. Body temperature was kept constant at 371C using a homeothermic heating blanket. Between the experimental groups, no significant difference was found for any physiological parameters. Concentrations of CO 2 and pH were adjusted to physiological values in the aCSF (Supplementary Table S1 ).
Resting Cerebral Blood Flow
Resting CBF changes during superfusion of inhibitors were calculated as the ratio of mean CBF during the first block (superfusion of aCSF) to mean CBF during the second block (superfusion of vehicle and/ or inhibitors). These changes are shown in Figure 2 . A mild increase of resting CBF of 28% ± 19% (mean±s.d.) was detected for the control group. CBF remained largely stable in the three inhibition groups ( + 8% ± 32% for the BaCl 2 group, + 4% ± 18% for the cocktail group, and À8%±36% for the cocktail + BaCl 2 group). In comparison with the control group (relative CBF change in the respective inhibitor group divided by relative CBF change in the control group) resting CBF was reduced by 16% after superfusion of BaCl 2 ; by 19% after combined superfusion of MS-PPOH, L-NNA, indomethacin and theophylline; and by 28% after superfusion of this inhibitory cocktail plus BaCl 2 . Resting CBF during superfusion of cocktails showed rhythmic baseline oscillations, which are most likely attributable to superfusion of L-NNA as shown before (Lindauer et al, 1999) .
SEP Amplitudes
SEP amplitudes remained stable throughout the 16-s stimulation period (Supplementary Figure S1 ), without evidence of adaptation. To determine whether superfusion of inhibitory substances affected evoked neuronal activity, SEP amplitudes of the second stimulation block (after superfusion of vehicle/inhibitors) were divided by SEP amplitudes of the first block (baseline condition). The results are shown in Figure 3 . SEP remained stable in the control group and in the inhibitory cocktail group without BaCl 2 . A trend towards reduction of the SEP amplitudes could be noted in the BaCl 2 and inhibitory cocktail + BaCl 2 group, but this was not statistically significant. Abbreviation: MABP, mean arterial blood pressure. Physiological parameters averaged across animals (mean±s.d.). Figure 2 Baseline CBF changes. The relative changes in baseline CBF were calculated as the ratio of the mean of all CBF data of the first block (superfusion of aCSF in all groups) to the mean of all CBF data of the second block (superfusion of aCSF + vehicle in the control group, superfusion aCSF + inhibitors for the other groups). Baseline CBF increased by 28%±19% in the control group. In comparison with the control group, baseline CBF was reduced by approximately 20% in all other groups, with a nonsignificant trend towards stronger reduction in the cocktail plus BaCl 2 group. Error bars denote 95% confidence intervals.
Pharmacological uncoupling of CBF and CMRO 2 C Leithner et al stimulation block (superfusion of aCSF) of all 24 animals. The CBF response started within the first second, reaching a plateau at approximately 4 secs after the onset of stimulation, with a small further increase over the remaining stimulation period. The magnitude of the CBF response was within the expected range in previous experiments using this stimulation paradigm (Royl et al, 2006) . There was no significant difference of the baseline CBFresponse magnitude (block I) between the four experimental groups. At 2.0-mA stimulation intensity, CBV followed a similar temporal pattern, reaching a peak amplitude of approximately 20%. Using Grubbs relationship (Grubb et al, 1974) , a steady-state CBF change (plateau of the CBF response) of 55% predicts a CBV change of 21%, which fits our measured CBV change. Deoxy-Hb level decreased by 15% during stimulation. CMRO 2 , calculated from CBF, CBV, and deoxy-Hb changes using equation (1), increased by about 10% (stimulation intensity 2.0 mA). The inhibitory cocktail reduced CBF responses by twothirds, leaving CMRO 2 unchanged (Figure 4 , right panel). No change in deoxy-Hb level could be detected under these conditions ('BOLD-blind' coupling).
Cerebral Metabolic Rate of O 2 Responses
Changes in CMRO 2 were calculated from combined measurements of CBF, CBV, and deoxy-Hb as described previously (Royl et al, 2008) . Under control conditions (aCSF superfusion), a statistically significant increase in CMRO 2 was noted for higher stimulation intensities. The CMRO 2 increase, averaged across the baseline blocks of all 24 animals at a stimulation intensity of 2.0 mA, was approximately 10% as opposed to a 50% increase of CBF. As CMRO 2 changes were small and close to zero for some animals, absolute rather than relative changes were evaluated ( Figure 5 ). Superfusion of inhibitors did not significantly change activity-induced CMRO 2 responses (P > 0.05 for all groups).
Effects of Inhibitors on Cerebral Blood Flow Responses
In the control group, SEP and CBF responses remained stable throughout the experiment (approxi- Figure 4 Major CBF-response reduction without CMRO 2 impairment. Time courses of CBF, CBV, CMRO 2 , and deoxy-Hb during baseline conditions with superfusion of aCSF (no additional vehicle or inhibitor, n = 24) and superfusion of inhibitory cocktails (CBF response inhibition, n = 12) for a stimulation intensity of 2.0 mA. Shaded areas denote 95% confidence intervals. At baseline, CBF increases by B50%, CBV by B20% (in conformity with Grubbs relationship), CMRO 2 by B10%, and deoxy-Hb level decreases by B15%. The inhibitory cocktail reduces CBF responses by two-thirds, leaving CMRO 2 unchanged. No change in deoxy-Hb level can be detected under these conditions ('BOLD-blind' coupling). Shaded areas denote 95% confidence intervals. Figure 6 . Combined inhibition of COX, nNOS, adenosine receptors, and CYP450 epoxygenase lead to a statistically significant (P < 0.01 at 2.0 mA) reduction of approximately two-thirds in CBF response. There was no significant difference in relative CBF response reduction for different stimulation intensities. Additional inhibition of inward rectifier potassium channels with BaCl 2 led to a further, nonsignificant reduction of the CBF responses (reaching approximately 70%). Superfusion of BaCl 2 alone led to a less pronounced, statistically not significant reduction of CBF responses.
Oxygenation Time Courses During Cerebral Blood Flow Response Inhibition
We averaged the time courses of CBF responses during forepaw stimulation at higher stimulation intensities (1.2 to 2.0 mA, averaged CBF response B50%) of all 24 animals during superfusion of aCSF (first block). These time courses were compared with those for the 12 animals in group-3 and group-4 after superfusion of inhibitors (cocktail or cocktail plus BaCl 2 ). Both groups showed large reduction in CBF response as shown in Figure 6 . No initial deoxygenation could be detected in the time courses of either oxy-Hb or deoxy-Hb, either before, or after reduction of CBF responses with local superfusion of inhibitory substances (Supplementary Figure S2 ). In contrast, during CBF response inhibition by approximately two-thirds the deoxy-Hb concentration remained unchanged during the entire stimulation period (Figure 4, right panel) .
Discussion
The main findings of our study are as follows: in the somatosensory cortex of anesthetized rats (1) combined local inhibition of COX, nNOS, adenosine receptors, CYP450 epoxygenase, and Kir channels reduces the CBF response to functional activation by approximately two-thirds, independent of stimulation intensity;
(2) during this major reduction of the CBF response, neuronal activity and CMRO 2 remain largely unaffected. This argues for a CBF response that is not closely matched to oxygen demands, but rather overshoots with a considerable safety margin. The data are, thus, inconsistent with the diffusion limited model of oxygen transport; (3) selectively reducing the CBF response by two-thirds abolishes the CBF response-related decrease of deoxy-Hb concentration. Therefore, the safety factor of the CBF response with respect to relative hypoxia (as determined by microvascular deoxy-Hb concentration) is approximately three. This is well within the range of safety factors in many other physiological or biochemical systems; and (4) since deoxy-Hb responses disappear despite sustained neuronal activity with CBF responses, BOLD-fMRI is not reliable in pathological states.
Weaknesses of the Study
We performed experiments on anesthetized rats in a single brain region. It remains unclear whether our findings extend to the awake state, other brain regions, or other species. However, the phenomenon Figure 5 CMRO 2 responses unaltered. Mean CMRO 2 change before minus the mean CMRO 2 change after superfusion of vehicle/inhibitors (DCMRO 2 afterÀDCMRO 2 before). Subtraction rather than division was used because CMRO 2 changes were small and close to zero for some animals. Black dots denote individual animals and boxes contain the second and third quartiles. Superfusion of inhibitors did not lead to a significant change in CMRO 2 , despite a relevant reduction in CBF (see Figure 6 ). Figure 6 CBF responses pharmacologically reduced. The relative changes in activity-induced increase in CBF were calculated by individually dividing the average CBF increases of all animals of each group before by the average CBF increase after superfusion of vehicle/inhibitors. Black dots denote individual animals and boxes contain the second and third quartiles. CBF responses were largely reduced to 30% to 40% of the baseline response in the cocktail and cocktail + BaCl 2 group. BaCl 2 alone led to less pronounced reductions in CBF response.
CBF response reduction was statistically tested for the 2.0-mA stimulation intensity. The red stars denote significant differences compared with the control group.
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The measurements for oxy-Hb, deoxy-Hb, and CBV were obtained at a wavelength range of 520 to 610 nm, while CBF recordings with Laser Doppler Flowmetry were obtained at 780 nm with probes in an x-shaped arrangement. Sample volumes, therefore, only partially overlapped. It has been shown that hemoglobin oxygenation time courses vary with cortical depth, although for a considerable range of 200 to 600 mmol/L these differences appear to be small (Hillman et al, 2007) . Our measurement for the relationship between CBV and CBF fits well with the literature (Grubb et al, 1974) , indicating similar compartments for CBF and CBV measurements. Furthermore, our CMRO 2 measurements during hypothermia showed good agreement with the literature (Royl et al, 2008) . However, incompletely overlapping sample volumes may introduce some uncertainty in our CMRO 2 calculation. The CMRO 2 calculation from equation (1) assumes measurement from a single venous compartment. While placing the probe over microcirculatory areas with large CBF and deoxy-Hb responses is likely to favor venously weighted sample volumes (in line with the low baseline saturation obtained), we are measuring from a mixed compartment including capillaries and arterioles. This could potentially affect accuracy of our CMRO 2 calculation. We have simulated the CMRO 2 calculation error resulting from mixedcompartment effects and found a relatively small error when assuming a venously weighted sample volume (10% arterioles, 30% capillaries, 60% venules), even if relative CBV changes are twice as large in the capillaries and arteries as compared with that in the venules (Hillman et al, 2007) . Furthermore, evidence against significant errors resulting from mixed-compartment effects can be derived directly from our data. Comparison of CBF, CBV, and deoxy-Hb responses at a stimulation intensity of 0.8 mA during aCSF superfusion with responses at 1.6 mA during inhibitor superfusion (n = 12) showed virtually identical CBF and CBV responses, with an abrogated deoxy-Hb response during inhibitor superfusion ( Supplementary Figures S4 and S5) . The sample volumes of CBF and CBV responses are identical, and, therefore, the lack of a deoxy-Hb level decrease during stimulation can only be explained by a higher level of CMRO 2 during stimulations with 1.6 mA as compared with stimulations with 0.8 mA. This shows, excluding potential mixed-compartment effects, that the uninhibited, physiological CBF response can support larger CMRO 2 responses than actually present during neuronal activation. Therefore, the physiological CBF response operates with a safety factor with respect to oxidative metabolism.
We used concentrations and superfusion times of the inhibitors as mentioned in the literature, if available for in vivo experiments. However, we did not assess the specificity or amount of enzyme, receptor or channel inhibition, and, therefore, cannot exclude the possibility that incomplete inhibition of enzymes, receptors or channels might account for incomplete inhibition of neurovascular coupling and no additional pathways are involved. However, we did not observe increasing reduction of CBF responses during a 1-h period of measurement beginning 1 h after the start of inhibitor superfusion. This suggests that diffusion of inhibitors into the relevant cortical layers had reached a steady-state during our waiting period.
Our examination of neuronal activity was limited to recording ECoG and SEP. In line with previous experiments by our own group and other groups during nNOS inhibition with L-NNA or 7-NI, we did not detect significant change in neuronal activity (Lindauer et al, 1996; Lindauer et al, 1999; Hoffmeyer et al, 2007) . This contrasts with the results of Ngai et al (1995) who did observe decreases of SEPs during topical application of L-NNA, which depended on measurement technique (Ngai et al, 1998) . As no change of SEP amplitudes was observed for our control group, effects of measurement technique on SEP amplitudes could be excluded in our current study. Decreases of SEP amplitudes have also been reported for intraperitoneal application of 7-NI (Stefanovic et al, 2007; Burke and Bü hrle, 2006) . These effects on SEPs were temporarily and quantitatively different from the effects on CBF responses, indicating that experimental conditions influence differential effects of NOS inhibition on CBF and neuronal activity. With limited statistical power we did not detect large changes in SEP amplitudes. Nonetheless, using more complex neurophysiological assessment or a larger number of animals we might have revealed changes in neuronal activity not detectable with our approach. Therefore, we cannot rule out the possibility that other aspects of neuronal activity were changed as a result of decreased CBF responses or pharmacological agents used. However, in a model of severe hypotension, Masamoto et al (2008) detected unchanged local field potentials during somatosensory stimulation with no CBF response, further supporting the notion that the CBF response is not required to support CMRO 2 or neuronal activity.
Cerebral Blood Flow Response Inhibition
Combined local inhibition of adenosine receptors, NOS, CYP450 epoxygenase, and COX reduced the CBF responses by approximately two-thirds. Of note, the amount of CBF response inhibition was independent of stimulation intensity over a wide range of SEP and CBF changes ( Figure 6 ). This finding indicates incomplete additive effects of the investigated inhibitors when compared with that in the literature. CBF-response reductions of 40% to 60% have been shown for adenosine-receptor inhibition Pharmacological uncoupling of CBF and CMRO 2 C Leithner et al (Dirnagl et al, 1994; Shi et al, 2008) , for unspecific as well as for nNOS inhibition (Lindauer et al, 1999; Niwa et al, 1993; Peng et al, 2004) , for COX inhibition (Niwa et al, 2000; Stefanovic et al, 2006) , and for inhibition of CYP450 epoxygenase (Peng et al, 2002 (Peng et al, , 2004 Shi et al, 2008) . Larger CBF-response reductions have been reported after NOS inhibition by intraperitoneal application of 7-NI (Stefanovic et al, 2007; Burke and Bü hrle, 2006) ; however, in these studies, neuronal activity (SEPs) did not remain stable. In our study, inhibition of Kir channels with BaCl 2 lead to reduction in CBF response by approximately 40%, with a trend towards stronger reduction with lower stimulation intensities. This indicates involvement of inward rectifier potassium channels in neurovascular coupling, in accordance with data obtained in brain slice preparations (Filosa et al, 2006) . As we used relatively high concentrations to achieve maximal effects (Wellman and Bevan, 1995) and compensate for concentration gradients likely present in in vivo experiments, effects on other potassium channels cannot be excluded. Adding BaCl 2 to the above mentioned inhibitory cocktail did not significantly further reduce the CBF responses. However, a trend towards further reduction was noted. CBF response dropped to 30% of baseline responses in this group. Assuming complete inhibition of the target enzymes or receptors, as suggested in former studies (Lindauer et al, 1999; Dirnagl et al, 1994; Peng et al, 2002; Filosa et al, 2006) , our results indicate that additional, yet unknown pathways are involved in neurovascular coupling. However, incomplete inhibition of target enzymes and receptors has to be considered as an alternative explanation for incomplete CBF-response reduction.
Cerebral Blood Flow/Cerebral Metabolic Rate of O 2 Mismatch
Relative CBF responses exceeded CMRO 2 responses by a factor of approximately five to six in our study. This is well in line with the early and subsequent results of Fox and Raichle (1986) and recent data showing 'coupling ratios' between two and 10 using positron emission tomography or MRI for visual stimulation for humans (e.g., Lin et al, 2009 ). However, recent MRI studies of rats have found values at the low end of the large interval shown for visual cortex for humans (e.g., B3.5, Sicard and Duong, 2005, B3, Mandeville et al, 1999) . It has been shown that coupling ratios determined with MRI might vary largely depending on the calculation algorithm used (Lin et al, 2009 ). In addition, the CMRO 2 calculation employed in the current study might somewhat underestimate CMRO 2 changes and could, therefore, overestimate the coupling ratio. Since the surprising finding by Fox and Raichle, explanations have been discussed for the mismatch between a large CBF response and a small CMRO 2 response to neuronal activation. As oxidative metabolism is the most efficient way to generate energy for neuronal activity and blood flow primarily serves to deliver substrates for neuronal energy metabolism, it is natural to assume that increases of CBF serve the delivery of oxygen to activated brain regions. Explanations that elegantly resolve the surprising mismatch between CBF and CMRO 2 increases have been proposed. A theoretical model predicted much larger CBF than CMRO 2 responses under the assumption that all oxygen leaving brain capillaries is metabolized and all capillaries are perfused at rest (Buxton and Frank, 1997) . A second, similar explanation holds that increased oxygen consumption critically depends on a large increase of blood flow because of a negligible oxygen tension in brain mitochondria (Vafaee and Gjedde, 2000; Gjedde, 2002) . However, the experimental evidence supporting this hypothesis is controversial (Mintun et al, 2001) . The data of our current study clearly contradict this hypothesis. Largely reduced CBF responses left accompanying CMRO 2 increases and neuronal activity unchanged (Figure 4) . Identical CBF and CBV responses supported larger CMRO 2 responses during CBF response inhibition (Supplementary Figure S4 and S5). This is in line with experiments showing intact neuronal activity during severe hypotension with absent CBF responses, and providing evidence for intact oxidative metabolism (Masamoto et al, 2008 (Masamoto et al, , 2009 .
We propose an alternative explanation for the CBF/ CMRO 2 response mismatch. As neurovascular coupling with this feature has been shown for many species (humans, monkeys, cats, rats) with quite similar quantitative characteristics, it is likely that neurovascular coupling, which comes at the 'cost' of increased blood supply, must provide some evolutionary benefit. Mismatches between capacity and demand (safety factors) are key features of many physiological and biochemical systems. Such safety factors generally range from 1.2 to 10 (Diamond, 2002) . Their values are determined, among other factors, by cost of failure, cost of construction, maintenance and operation, variation of capacity or load, and deterioration of capacity with time. In case of oxygen supply to active brain regions, cost of failure (impaired neuronal activity) would be high, whereas cost of operation (increasing the CBF to a small brain area with constant whole-brain CBF) is low, favoring a large safety factor. The variations of capacity (variation of the amount of oxygen delivered at a certain level of CBF increase) and of load (variation of oxygen demand for a certain level of neuronal activity) are expected to be small. However, they may increase substantially under pathological conditions.
From our experiments one may deduce a safety factor of the CBF response for an activity-induced increase in the deoxy-Hb concentration of around three (in good agreement with Masamoto et al, 2009 ), compatible with data on safety factors of many other systems (Diamond, 2002) . However, other explanations for a large CBF/CMRO 2 response mismatch have to be considered. Temperature regulation has been proposed as an important function of the CBF response (Katz-Brull et al, 2005) . However, neurovascular coupling was preserved during severe hypothermia (Royl et al, 2008) . Moore and Cao (2008) have suggested that in contrast to the classical metabolic view the CBF response could primarily have a neuro-modulatory function. We did not detect altered neuronal activity during inhibition of neurovascular coupling, but SEPs are a coarse correlate of neuronal activity and our study was not powered to detect small changes. A more complex assessment of neuronal activity during impaired neurovascular coupling may reveal changes not detectable with our simple approach.
Initial Oxygenation Time Courses
In agreement with our previous findings (Lindauer et al, 2001) , using spectroscopic measurements of oxyand deoxy-Hb we did not detect an initial increase of deoxy-Hb ('initial dip') or decrease of oxy-Hb level in the first seconds of somatosensory stimulation in the rat. It has been argued that an initial deoxygenation could be masked by rapid and overshooting CBF response. Initial deoxygenation might be spatially more confined to the area of neuronal activity than blood flow response-related deoxy-Hb concentration changes, a few seconds later. Unmasking initial deoxygenation, might, therefore be an approach to improve spatial resolution of functional imaging. However, in our current study, after reduction of the CBF response by two-thirds, no deoxygenation was unmasked in the first seconds after stimulation (Supplementary Figure S2) .
Implications for Functional Imaging
Our data demonstrate that a reduction of the CBF response by two-thirds abolishes the stimulationinduced decrease in deoxy-Hb level in the rat somatosensory cortex (Figure 4 and Supplementary  Figures S4 and S5 ). This decrease, however, provides the basis for functional imaging using BOLD-fMRI. Under such conditions, neuronal activity (unaffected by the CBF-response reduction) would no longer be detectable by BOLD-fMRI. For one animal, CBFresponse reduction reached 85% and reproducible increases of deoxy-Hb during neuronal activity with inhibited CBF response were detected (Supplementary Figure S3 ). From these data it can be speculated that under the conditions of a complete inhibition of the CBF response, a deoxygenation will be unmasked. However, apart from anecdotal evidence from one animal we have no proof that the deoxy-Hb concentration does indeed increase if CBF responses are blocked beyond two-thirds. Deoxygenation during complete inhibition of the CBF responses has been demonstrated during conditions of severe hypotension (Masamoto et al, 2008 (Masamoto et al, , 2009 , where cerebral vessels are maximally dilated. This deoxygenation could again be detected by BOLD-fMRI (with inverse signal characteristics) and might be more closely confined to the area of neuronal activation. However, to date a simple pharmacological approach for complete CBF-response inhibition is not available, leaving this approach only a theoretical option.
Conclusion
Combined local inhibition of nNOS, COX, adenosine receptors, CYP450-epoxygenase, and inward rectifier potassium channels reduces the blood flow responses to neuronal activation by approximately two-thirds in the rat somatosensory cortex. Neuronal activity and oxidative metabolism remain largely unaffected. This provides evidence that the observed mismatch between a large increase of CBF and a small increase of the cerebral metabolic rate of oxygen might be the result of an evolutionary development that has favored a generous safety margin for oxygen supply to the brain during increases of neuronal activity. BOLD-fMRI might not detect neuronal activity in pathological states when this safety margin is partially depleted.
